We have used a combination of neutron resonant spin-echo and triple-axis spectroscopies to determine the energy, fine structure, and linewidth of the magnon resonance in the model spin-1/2 ladder antiferromagnet IPA-CuCl3 at temperatures T ≪ ∆0/kB, where ∆0 is the spin gap at T = 0. In this low-temperature regime we find that the results deviate substantially from the predictions of the non-linear sigma model proposed as a description of magnon excitations in one-dimensional quantum magnets and attribute these deviations to real-space and spin-space anisotropies in the spin Hamiltonian as well as scattering of magnon excitations from a dilute density of impurities. These effects are generic to experimental realizations of one-dimensional quantum magnets. The concept of weakly interacting "quasiparticles" underlies much of our understanding of condensed matter physics. One-dimensional (1D) spin liquids, such as spin-1 chains or spin-1/2 ladders, have emerged as important model systems for this concept, because they are amenable to a comprehensive theoretical description. These systems exhibit collective singlet ground states, and the quasiparticles are spin-1 triply degenerate "magnons" with a gap ∆ 0 at temperature T → 0. Thermally excited magnons cannot avoid collisions in 1D, but they remain well-defined quasiparticles as long as their density is low and collisions are rare, which is the case for k B T ≪ ∆ 0 . In this low-temperature regime, theoretical work based on the non-linear sigma model (NLσM) has yielded a universal description of the quasiparticle properties [1] [2] [3] [4] . The theory predicts that the temperature dependent energies and lifetimes of magnons depend solely on ∆ 0 , and it has yielded analytical expressions for these observables. The complete theoretical description of quasiparticles obtained in this way is unique in condensed matter physics.
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Unfortunately, experimental access to this universal low-temperature regime has been severely limited. Thermodynamic, thermal transport [5] [6] [7] , and nuclear magnetic resonance (NMR) [8, 9] experiments have provided valuable insights into the relaxation of magnons in materials containing quasi-1D networks of quantum spins. However, in gapped spin liquids these methods provide only limited information at low temperatures, because their sensitivity scales with the magnon density that vanishes exponentially as T → 0. NMR experiments have revealed substantial deviations from the predictions of the NLσM at the lowest temperature accessible to this method [8, 9] , but they do not provide the spectral resolution required to uncover whether these deviations reflect a fundamental inadequacy of the NLσM, or whether additional factors such as spin-space anisotropies, inter-chain or inter-ladder interactions, or scattering from impurities are responsible. Electron spin resonance (ESR) provides spectral resolution in the µeV range [10] , but like NMR this technique relies on thermal excitation of magnons and is therefore limited to k B T ∆ 0 . Inelastic neutron scattering (INS) creates magnons in the scattering process and is therefore applicable at all temperatures, at least in principle. INS experiments performed on a variety of quasi-1D magnets with gapped excitation spectra have indeed found good agreement of the measured magnon lifetimes with the predictions of the NLσM over a surprisingly large temperature range [11, 12] . Due to insufficient energy resolution, however, it has thus far not proven possible to extend these experiments into the lowtemperature regime where the NLσM approach is rigorously justified.
Recent experiments have shown that a combination of neutron resonant spin-echo (NRSE) and triple-axis (TAS) spectroscopies can enhance the energy resolution of conventional INS by about two orders of magnitude, by taking advantage of the Larmor precession of neutron spins in radio-frequency magnetic fields [13] [14] [15] . In NRSE-TAS experiments, neutrons create gapped magnons in the same manner as conventional INS. This method thus combines the strengths of ESR and INS in such a way that experiments with spectral resolution in the µeV range can be performed at arbitrarily low temperatures.
We report NRSE-TAS experiments on the model spin-1/2 ladder system IPA-CuCl 3 (where IPA denotes isopropyl ammonium, (CH 3 ) 2 CHNH 3 ), one of the most extensively studied quasi-1D quantum spin liquid [10, 12, [16] [17] [18] . In contrast to prior INS work, the spectral resolution is sufficient to resolve a subtle splitting of the magnon resonance by anisotropic exchange interactions. We find that the temperature dependencies of the magnon lifetime and energy deviate strongly from the predictions of the NLσM for k B T ≪ ∆ 0 . We attribute these deviations to inter-ladder interactions and scattering of magnons from a dilute density of impurities.
The sample used for the experiments was a deuterated single crystal of IPA-CuCl 3 of volume ∼ 3 g prepared by a solution growth method described elsewhere [19] . IPACuCl 3 crystallizes in the triclinic space group P − 1 [19] . We index the momentum-space coordinates q = (h, k, l) in the corresponding reciprocal lattice units (r.l.u.). The nonmagnetic IPA molecules form layers in the a-c plane so that the magnetic interactions along b are negligible [16] . The Cu 2+ ions carry a spin S = 1/2 and form ladders along the a axis (Fig. 1 a) . As discussed in detail elsewhere [16] , exchange interactions within these ladders generate a quantum spin gap of magnitude 1.17 meV at q = (0.5, 0, 0). The magnon dispersion [16] is represented as a color plot in Fig. 1 b. The primary dispersion along h is well reproduced by a spin-ladder model with ferromagnetic coupling J 1 = −2.3 meV along the rungs and antiferromagnetic couplings J 2 = 1.2 meV and J 3 = 2.9 meV along the legs and diagonals of the ladders respectively. Inter-ladder interactions of magnitude J 4 ∼ −0.3 meV generate a weak dispersion along the l -direction [20] .
The NRSE-TAS experiments were performed on the spectrometer TRISP at the research reactor FRM-II in Garching, Germany [21] . The incident neutron beam was spin-polarized by a supermirror guide. The scattered beam polarization with fixed k f = 2.15Å sured with a transmission polarizer in front of the detector. A velocity selector was used to cut out higher-order contamination of the incident beam. The (002) reflection of pyrolytic-graphite was used to select the energies of incident and scattered neutrons. Figure 2 shows typical NRSE data at the bottom of the magnon dispersion relation at momentum q = (0.5, 0, 0) and temperature T = 0.5 K. The dependence of the polarization P of the detected neutron beam on the spinecho time τ SE is proportional to the Fourier transform of the magnon line shape [22] . As demonstrated previously for antiferromagnetic magnons [13] and phonons in metals [14, 15] , a Lorentzian lineshape thus yields an exponential P (τ SE ) profile. Clearly, the non-monotonic profile shown on Fig. 2 is inconsistent with a single Lorentzian mode. Rather, the profile is well described by a superposition of two modes with an energy difference D = 37 µeV and an intensity ratio ∼ 1 : 2 (inset in Fig. 2 ). This splitting could not be resolved in prior INS experiments with TAS [12, 16, 17] , but our data are consistent with ESR experiments at higher temperatures that indicated a splitting of the S = 1 magnon resonance into S z = 0 and S z = ±1 components [10] . This small splitting is probably due to anisotropic superexchange interactions between Cu 2+ spins that act as a single-ion anisotropy on the effective S = 1 spin on the rung of the ladder. A detailed analysis shows that the lower mode arising from S z = ±1 excitations is broader than the upper-energy S z = 0 mode at all temperatures. This broadening may be the result of an additional splitting Below T = 5 K, the magnon modes are significantly broadened relative to the theoretical predictions. Error-bars on the data below 6 K are smaller than 2 µeV. The inset shows the temperature dependence of Γ over a broad temperature range.
by ∼ 5 µeV that is not resolved because it is comparable to the intrinsic widths of the individual lines (see below). A small additional splitting due to dipolar and/or anisotropic exchange interactions is consistent with the low symmetry of the crystal lattice and with prior ESR data that showed a shift of the so-called "half-field resonance" away from the magnetic field expected without this splitting [10] . However, since we were unable to definitively resolve the origin of the effective broadening of the lower-energy mode, we focus on the non-degenerate higher-energy mode from now on. Figure 3 shows the linewidth Γ of this mode extracted from fits to NRSE profiles over a wide temperature range. At temperatures T 5 K, where Γ exceeds the splitting D between the modes, our data are in good agreement with the analysis of prior INS data that assumed a single Lorentzian profile. As noted earlier, the NLσM yields an adequate description of Γ(T ) in this temperature range. At lower temperatures, however, the NRSE data show a saturation of Γ at a value of ∼ 10 µeV, in clear disagreement with the NLσM that predicts an exponential reduction of Γ as T → 0 (line in Fig. 3) . The temperature independence of Γ at low temperatures indicates that the magnon lifetime is limited by scattering from impurities. By assuming that Γ becomes T -independent when the mean distance between thermally excited magnons equals the mean distance between impurities, we obtain a magnon mean free path of ∼ 200 lattice spacings at T = 0.5 K, and hence a rough estimate of 0.5% for the impurity concentration. Since this level of impurity contam- ination is difficult to avoid in real materials, these results indicate a generic limitation of experimental tests of the NLσM predictions. Our spectroscopic results agree with the conclusions of recent heat transport studies of nominally pure spin-chain and spin-ladder compounds [5] [6] [7] . We cannot rule out, however, that the subtle broadening reflects residual interactions among magnons imposed by long-range, dipolar interactions [23] . Further theoretical work is required to discriminate between these scenarios.
The NRSE-TAS profiles also yield highly accurate measurements of the temperature dependent shift of the spin gap ∆ relative to the zero-temperature value ∆ 0 = 1.17 meV determined by TAS. Figure 4 shows ∆(T ) extracted from fits to the NRSE data, along with prior TAS results [12] . The red doted and green dashed lines in the figure show that the pure, 1D-NLσM fails to describe the ∆(T ) dependence over the entire temperature range. A possible origin of this disagreement is the small density of impurities we have inferred from the analysis of the line width. Indeed, prior work on IPACu(Cl 0.95 Br 0.05 ) 3 has shown that defects can enhance ∆ 0 relative to the pure system [25] . However, because of the minute impurity concentration and the small energy scale of the impurity-induced broadening of the resonance in our nominally pure sample, this effect can be ruled out as the origin of the deviations from the NLσM predictions. Likewise, the splitting of the resonance, which signals deviations from the isotropic Heisenberg interactions assumed by the NLσM, is too small to be responsible for the disagreement with the NLσM predictions. We have explicitly verified that the temperature-induced shift of the higher-energy mode is nearly parallel to the one of the lower-energy mode shown in Fig. 4 . The splitting between both modes increases only slightly with increasing temperature (from D = 37 µeV at T = 0.5 K to 55 µeV at 8 K).
Another possible origin of the discrepancy between our ∆(T ) data and the 1D-NLσM predictions is the inter-ladder exchange interaction J 4 that generates the l-dependent modulation of ∆ shown in Fig. 1 b. At temperatures J 4 k B T , thermally excited magnons are expected to be confined to the 2D troughs of this dispersion, whereas for higher temperatures they are subject to the l-averaged, effectively 1D dispersion. In order to test the viability of this dimensional-crossover scenario, we have fitted the full ∆(T ) data set including prior TAS data to an expression resulting from a mean-field analysis of a spin-1 chain with intra-chain interaction J on a cubic lattice [24] . As shown in Fig. 4 , this expression yields an excellent description of the entire data set for ∆ 0 = 1.44 meV and J ⊥ /J = 0.1. The value of ∆ 0 is different from the energy of the lowest-energy magnons for T → 0 shown in Fig. 4 , but it agrees very well with the l-averaged gap determined by INS which determines the magnon properties at high temperatures. The same value results from the fit of the Γ(T ) data to the NLσM shown in Fig. 3 . The J ⊥ /J value extracted from the fit is not expected to be quantitatively accurate, because it is based on a quasi-3D model rather than the quasi-2D Hamiltonian describing the spin system in IPA-CuCl 3 . Nonetheless, it agrees within a factor of two with the exchange parameters extracted from the magnon dispersion [16] . An explanation of the subtle dip of ∆(T ) at T ∼ 2 K suggested by the data in the inset of Fig. 4 may require theoretical calculations based on a spin Hamiltonian specific to IPA-CuCl 3 .
In summary, we have determined the intrinsic fine structure, linewidth, and energy of the magnon resonance in a model 1D quantum spin liquid over a wide temperature range. As noted before [12] , calculations based on a NLσM for a pure system with isotropic 1D exchange interactions yield a surprisingly good description of the data at high temperatures. At temperatures T ≪ ∆ 0 /k B , however, where magnons are expected to be good quasiparticles, we have found that spin-space and real-space anisotropies in the spin Hamiltonian as well as scattering of magnons from a dilute density of impurities induce substantial deviations from the predictions of this model. These effects are generic to all experimental realizations of 1D model Hamiltonians and should therefore be taken into account in order to obtain quantitative descriptions of thermodynamic, thermal transport, and NMR data. We have shown that the spectroscopic information derived from NRSE-TAS experiments can provide a solid basis for such a fully realistic theory of quasi-1D quantum magnets.
